Dislocations are one-dimensional topological defects which occur frequently in functional thin film materials and which are known to degrade the performance of In x Ga 1-x N-based optoelectronic devices. Here, we show that large local deviations in alloy composition and atomic structure re expected to occur in and around dislocation cores in In x Ga 1-x N alloy thin 2 films. We present energy-dispersive X-ray spectroscopy data supporting this result. The methods presented here are also widely applicable for predicting composition fluctuations associated with strain fields in other inorganic functional material thin films.
affect the electronic properties of the dislocations and would therefore affect device performance.
Each dislocation is associated with a strain field determined by its Burgers vector. Since the In atom is larger than the host Ga atom, it is expected that if the In atoms are sufficiently mobile during growth, then they will segregate to the tensile part of the dislocation strain field 18 .
Previous theoretical work has shown that the extreme case of a pure InN c-type dislocation core in an In x Ga 1-x N alloy is more energetically favorable compared to the equivalent In x Ga 1-x N core 19 , and also that it is favorable for In atoms to bind to a c-type dislocation core in GaN 20 . Due to the sensitivity required to detect small variations in alloy concentration on short length scales, it is difficult to find unambiguous evidence for segregation. Early reports 21 suggested In segregation to dislocations in InGaN but subsequent work indicated that apparent In segregation was actually an artifact produced by electron-beam induced sample damage in TEM 22 which could occur preferentially at dislocation cores. Features have been observed in 3D atom probe data that could be explained by In segregation around dislocations 23 , and a combined cathodoluminescence and atomic force microscopy study by Sugahara et al. 24 has provided evidence supporting the segregation of In to c-type and (a+c)-type dislocations.
In this work, we simulate plausible equilibrium microstructures in In 35 . There are sometimes multiple atomic configurations possible at the core for each Burgers vector, and these are typically referred to by the number of atoms in the atomic rings that make up the core. For a-type dislocations, these are the 5-atom/7-atom ring, 8-atom ring and 4-atom ring cores 36 . For (a+c)-type dislocations, double-5-atom/6-atom ring cores, 5-atom/7-atom ring cores 28 and 9-atom/4-atom/7-atom ring cores 37 are possible. In this work, the 5/7-atom ring atype core is favored since it is considered to be the most stable 9 , though other core types are considered, while the 5/7-atom ring (a+c)-type core is not studied since it has not been observed experimentally 16 and instead the 9/4/7-atom ring (a+c)-type core is favoured. Likewise, only the most stable c-type core 38 , and the double-5/6-atom ring a+c-type core 28 were studied.
The initial structure is relaxed, and Ga atoms are replaced by In atoms at random until the desired composition is reached, before the cell is relaxed again. The cell dimensions are constrained such that they match that of an InGaN epilayer strained to a GaN substrate, such that our results are applicable to an In x Ga 1-x N quantum well in a GaN matrix, which would be typical for an In x Ga 1-x N-based device.
To produce a plausible equilibrium microstructure from this initial random configuration, a To minimize computational complexity, swaps were only permitted within a cut-off radius of 14a (where a is the lattice parameter of GaN) of the dislocation core, since only the immediate core region is likely to determine electronic properties: beyond this radius the binding energy of the In atoms to the core will be sufficiently low 20 that the In and Ga atoms in the In x Ga 1-x N alloy will be randomly distributed on the metal atom sites. The lattice is allowed to relax within the larger radius of 12a when a swap is performed to prevent edge effects for swaps that occur with an atom near the 10a boundary.
Simulations were performed at two compositions, x = 0.0625 and x = 0.1875, to match the InGaN compositions found in typical devices 44 , and also to avoid the higher In content regime where spinodal decomposition may occur 45 and the assumption of a random alloy in the bulk no longer holds. These compositions correspond to 3.22 eV and 2.81 eV 46 respectively at 0 K for a strained InGaN layer, and actual device emission wavelengths will depend on the quantum well thickness. The temperature is set to match typical growth conditions at 750ºC.
Convergence to equilibrium was found after approximately a single Monte Carlo step, though the rate of convergence does vary between core types with c-type cores and higher In concentration cores taking longer to converge, as illustrated in Figure 1 (a). The distribution of %&'() − '*'%'() values is symmetrical and centered close to zero at −0.00115 eV, confirming suitable geometry optimization has occurred for each attempted swap. After equilibration, the total energy of the cell fluctuates about a constant value. This gives an estimate of the difference in energies for the random core compared to the segregated core, ΔE segregation , and shows that segregated cores are in all cases more energetically favorable, with the largest stabilization occurring for the (a+c)-type and a-type cores, as summarized in Table 1 . The stated energy differences will necessarily depend on the choice of cut-off radius, since additional strain relaxation could occur due to segregation at larger radii in the additional volume allowed to relax away from the core. This has been verified by repeating the simulations with increasing cut-off radii for the a-type core, where the local composition at the core was found to be insensitive to the cut-off radius provided the cut-off radius is at least 10a, validating our choice of cut-off radii for these simulations. Relative comparison of ΔE segregation between core-types is considered appropriate provided that the cut-off radius is fixed for all simulations, as it has been in this work. In the case of a single In atom in GaN, a binding energy can be defined which is the difference in energy between the In atom at an bulk-like site compared to a site close to the dislocation core. If this binding energy is greater than approximately 1-2kT 18 , it is thought that segregation would not occur. Our calculations show that the limiting radius beyond which the binding energy would be too low is approximately 18 Å for an (a+c)-type core, well within our cut-off radius. The temperature-dependence of the Metropolis algorithm used in this work should take this effect into account implicitly.
In all cases, significant enrichment at the core was seen. Figure 1(b) shows the local composition at the core region relative to the bulk composition, whereby an enrichment of about double the bulk concentration observed for a-type and (a+c)-type cores at lower indium concentrations, with a slightly lower enrichment around a-type cores, as displayed in Table 1 .
Additional simulations were performed using the same InGaN simulation cells, but this time without constraining the in-plane a lattice parameter to match that of GaN. A further simulation was also performed at a slightly lower temperature of 700ºC. In both cases, no significant change in the resulting core structures or extent of In segregation was found. The results showed minor run-to-run differences in In content at the core, but these differences were deemed not to be statistically significant relative to the expected statistical spread of In contents at the core resulting from the Monte Carlo model.
The spatial arrangement of In atoms for example equilibrium configurations can be seen in in Figure 3(a,b) , as does the c-type core.
Simulations of the (a+c)-type cores reveal a much more disrupted core structure than the atype cores, as seen in Figure 3(c,d) . For both In contents, the local bonding at the (a+c)-type core is highly disordered, with higher In contents associated with increased disorder. In some simulations, the resulting core configuration of the (a+c)-type core is ambiguous, and cores that resemble both the double-5/6-atom ring and the 9/4/7-atom ring (a+c)-type cores have been observed. Previous work on GaN has shown 37 that the dislocation line energies of the double-5/6-atom ring and 9/4/7-atom ring cores are similar, and it is likely that the resulting core structures in InGaN will therefore be highly sensitive to the local In content, which will vary randomly along the dislocation line even in the case of the segregated dislocation core structure.
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This large degree of segregation is expected to result in markedly different material properties.
In addition to the band gap being highly sensitive to In composition, it can also affect the localization of excitons leading to increased efficiencies 47, 48 . To test these theoretical predictions, a representative In x Ga 1-x N epilayer of composition x = 0.06 ± 0.01 54 , was grown on low-dislocation density GaN templates grown on c-plane sapphire by MOVPE at temperatures typically used for growth of InGaN-based device structures (710-750ºC), and with growth parameters optimized as given in previous studies 55 .
This was then studied using energy-dispersive X-ray spectroscopy (EDXS) and high resolution high-angle annular dark field (HAADF) imaging on an aberration-corrected Titan G2
ChemiSTEM electron microscope. The (a+c)-type cores were studied because they are (a) easier to locate than a-type cores, (b) present in our samples in proportions (in contrast to the pure ctype cores which comprise only ~1% of all dislocations in our samples), (c) they reveal the effects of both a-type and c-type Burgers vectors components and (d) the highest energetic stabilization of In segregation is predicted for this core type and therefore it is most likely to be observed experimentally. However, the length of the streak, at approximately 14 nm, is much longer than that predicted theoretically. A possible explanation is that movement of the dislocation during growth tracks an
In-rich trail in its path, thus explaining the streak observed, or that there is a more complex interaction between the V-pit and the dislocation resulting in a larger energetic stabilization of segregation than would otherwise be expected.
In this work, we have shown that the local concentration of In surrounding dislocations is likely to be very different compared to the bulk. This has important consequences for future modeling of dislocation cores and their properties, since the assumption of a core structure that reflects that of the host material does not hold. Segregation of the degree predicted here could significantly affect electronic properties of dislocations and hence affect device performance.
The method presented here has a wide arrange of applicability not just to other nitride systems, but other inorganic functional material thin films including oxides where properties of dislocations are of considerable interest 62, 63 , and could be applied more generally to predict composition fluctuations for any strain field.
Core Type x = 0.0625 Table 1 . Summary of difference in total energies of the simulation cell per unit dislocation line length for the random and segregated In x Ga 1-x N dislocation cores, and a summary of the average composition in the core region at equilibrium, x core , relative to the bulk composition, x. 
